How is habitat connectivity affected by settlement and road network configurations? Results from simulating coupled habitat and human networks  by van Strien, Maarten J. & Grêt-Regamey, Adrienne
H
c
n
M
P
S
a
A
R
R
2
A
A
K
I
T
L
L
T
L
1
e
m
m
n
d
m
h
0
0Ecological Modelling 342 (2016) 186–198
Contents lists available at ScienceDirect
Ecological  Modelling
j ourna l h omepa ge: www.elsev ier .com/ locate /eco lmodel
ow  is  habitat  connectivity  affected  by  settlement  and  road  network
onﬁgurations?  Results  from  simulating  coupled  habitat  and  human
etworks
aarten  J.  van  Strien ∗, Adrienne  Grêt-Regamey
lanning of Landscape and Urban Systems (PLUS), Institute for Spatial and Landscape Planning, ETH Zurich, Stefano-Franscini-Platz 5, CH-8093 Zürich,
witzerland
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 22 December 2015
eceived in revised form
9 September 2016
ccepted 30 September 2016
vailable online 19 October 2016
eywords:
nterdependent networks
rafﬁc ﬂows
andscape ecology
andscape planning
ransport planning
andscape resistance surfaces
a  b  s  t  r  a  c  t
Habitat  connectivity  is  important  for species’  survival  and  can  be maintained  in landscapes  with  well-
connected  habitat  networks.  The  integrity  of  these  habitat  networks,  however,  is  often  threatened  by
“human  networks”  consisting  of  settlements  connected  by  roads  with  trafﬁc.  Both  settlement  and  road
network  changes  can  decrease  habitat  connectivity,  either  directly  or indirectly  through  changes  in  trafﬁc
ﬂows. Due  to these  complex  interactions,  it remains  unclear  how  habitat  connectivity  in  habitat  networks
is  affected  by  settlement  or road  network  conﬁgurations  in  human  networks.  To  address  this  issue we
develop  a new  spatially  explicit  simulation  model  coupling  habitat  and  human  networks.  In  binary  land-
scape  rasters,  consisting  of settlement  patches  surrounded  by a  continuous  matrix  through  which  animals
could move,  we  varied  the number,  the size  and  the proportion  of settlements.  Settlements  were  con-
nected  with either  dense  or sparse  road  networks.  On  all  roads  connecting  settlements,  we estimated
trafﬁc  volume  based  on  settlement  sizes  and  topology.  Trafﬁc  volumes  were  then  used to  parameterize
landscape  resistance  networks  that quantify  the  probability  of movement  for  animals  throughout  the
landscape.  From  these  resistance  networks,  we calculated  average  habitat  connectivity  for several  ani-
mal species  (i.e.  tree frog,  hedgehog  and  badger).  In  this  innovative  model  setup,  habitat  connectivity  was
thus inﬂuenced  by  a combination  of settlement  patterns  and  trafﬁc  volumes.  For  all  species,  we found  a
negative  correlation  between  habitat  connectivity  and the  number  of  settlement  patches.  Furthermore,
in  landscapes  with  a high  proportion  of  settlement,  highest  habitat  connectivity  was  found  when  most
settlement  cells  were  concentrated  in  large  patches.  Surprisingly,  in some  cases,  we  found  higher  habitat
connectivity  for  dense  road  networks  than  for  sparse  road  networks.  Results  from  this  study  can  increase
our understanding  of habitat  connectivity  in  heterogeneous  landscapes  and  lead  to  recommendations
for  conservation  planning.  With  this  study  we  demonstrate  the  importance  of considering  interactions
between  spatial  networks  in  ecological  analyses.
©  2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Introduction
Mobility is essential for the survival of animal species; it is nec-
ssary to reach food and water sources, ﬁnd mating partners or
ove to new habitats (Crooks and Sanjayan, 2006). Moreover, the
obility of animal species ensures seed or pollen dispersal for many
atural and cultivated plant species (Hadley and Betts, 2012). The
egree to which the landscape facilitates or impedes animal move-
ent among habitats is referred to as habitat connectivity (Taylor
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/).et al., 1993). Habitats between which there is (potential) movement
of species form intricate spatial networks (i.e. habitat networks;
Galpern et al., 2011; Rayﬁeld et al., 2011). There is ample evidence
that a network of well-connected habitats, in which the mobility
of animals is not impeded, is needed to maintain or increase bio-
diversity (Bailey et al., 2010; Martensen et al., 2008). However, the
integrity of these habitat networks is often threatened by human
activities and constructions, such as settlements, roads and trans-
portation. Analogous to habitat networks, settlements connected
by roads and trafﬁc form complex spatial networks (e.g. Ren et al.,
2014; Simini et al., 2012), which we here term “human networks”.
The expansion of settlements and associated land-use changes
reduce habitat suitability for certain species or reduce the move-
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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ent of species between habitats (Pickett et al., 2011; Salafsky et al.,
008; Van Strien et al., 2014). Also roads and trafﬁc can be detri-
ental to both habitat suitability and habitat connectivity (Charry
nd Jones, 2009; Forman et al., 2003; Salafsky et al., 2008; Seiler,
003). Due to the interactions between spatially coinciding human
nd habitat networks, these networks can be regarded as coupled
patial networks.
In recent years, there has been an increasing focus on coupled
patial networks (also refered to as network of networks or multi-
ayered, multiplex or interdependent networks; Gao et al., 2014), as
uch networks appear to be more vulnerable to node removal than
on-spatial coupled networks (e.g. Bashan et al., 2013; Buldyrev
t al., 2010). Whereas the dependency between these coupled net-
orks is often between nodes (Bashan et al., 2013; Buldyrev et al.,
010; Gao et al., 2014), in habitat and human networks this depen-
ency is characterised by two spatial interactions. First, the nodes
n both networks are usually mutually exclusive, because settle-
ents and (semi)natural habitats tend to be spatially separated
nd because the growth of settlements mostly leads to a decrease
n size or suitability of animal habitats or, albeit less frequent,
ice versa (Radeloff et al., 2005). Second, oftentimes the edges (i.e.
oads/trafﬁc and animal movement) in the networks are intersect-
ng and negatively inﬂuencing each other, meaning that the more
rafﬁc there is on a road, the less animal movement can be expected
cross that road (provided there are no measures in place that mit-
gate the negative effect of trafﬁc on habitat connectivity; Cofﬁn,
007; Van Langevelde et al., 2009; Van Langevelde and Jaarsma,
009). This two-fold interaction between habitat and human net-
orks makes it especially difﬁcult to determine the consequences
f changes in either network.
Several authors have argued that the whole habitat and human
etworks in a region should be considered when studying the
ffects of changes in the human network on habitat connectivity
Cofﬁn, 2007; Seiler, 2003; Van der Ree et al., 2011; Van Langevelde
t al., 2007). Seiler (2003) stated that “the overall fragmentation
mpact on the landscape due to the combined road network may
hus not be predictable from data on individual roads and railways.
hen evaluating primary (ecological) effects of a planned trans-
ort infrastructure project it is essential to consider both the local
nd landscape scales, and fundamentally, the cumulative impact of
he link when it becomes part of the surrounding road network”.
an Langevelde et al. (2007) support this statement and mentioned
hat “as soon as interventions [to prevent habitat fragmentation
y infrastructure] are implemented on one road section in a road
etwork, unexpected effects can occur elsewhere. This applies to
nimals (alterations in movement patterns) and humans (alter-
tions of trafﬁc ﬂows).” Yet, very few studies have experimented
ith coupled habitat and human networks to study the interactions
nd feedbacks within and between these networks. Considering
he whole human and habitat networks in a region is necessary
o address several important issues in nature conservation theory,
wo of which are described below.
A ﬁrst pressing question in conservation theory is “what spatial
attern of human settlement (e.g., clustered vs. dispersed) has the
east impact on biodiversity” (Sutherland et al., 2009). This ques-
ion cannot be answered without accounting for the effect that
ifferent patterns of human settlement have on trafﬁc ﬂows and
n the distribution of habitats, which are both factors that will
etermine habitat connectivity (i.e. an important driver of biodiver-
ity; e.g. Brudvig et al., 2009; Ribeiro et al., 2011). A long-standing
ebate in nature conservation science is whether biodiversity can
est be protected in a single large or several small habitats (e.g.
iamond, 1975; McCarthy et al., 2011). Given the interconnected-
ess of human and habitat networks, one could similarly wonder
hether certain conﬁgurations of human settlements are more
eneﬁcial for biodiversity conservation than others. Such infor-cal Modelling 342 (2016) 186–198 187
mation would aid landscape planners in developing sustainable
landscapes.
A second unresolved issue in conservation theory is uncertainty
regarding “the effect of human infrastructure installation (trans-
portation) on ecosystem [or habitat] connectivity” (Braunisch et al.,
2012). In order to mitigate the negative effects of roads on species
movement, wildlife over- and underpasses are a frequently used
and studied mitigation measure (Van der Ree et al., 2007). However,
wildlife over- and underpasses are often too costly to be applied to
minor roads (Huijser et al., 2009). Yet the vast majority of roads are
minor roads (Van Langevelde et al., 2009) and it is especially these
minor roads that contribute most to the increasing habitat frag-
mentation in Europe (Jaeger et al., 2011). For these reasons, more
research should focus on ﬁnding road network conﬁgurations that
have least impact on habitat connectivity (Rhodes et al., 2014). Both
the road network conﬁguration and the distribution of trafﬁc on the
roads are strongly inﬂuenced by the conﬁguration of settlements
(Hawbaker et al., 2005; Ren et al., 2014; Simini et al., 2012). There-
fore, ideally the combined effects of settlement and road network
conﬁguration on habitat connectivity are assessed simultaneously.
However, to our knowledge, no studies have experimented in this
direction.
In the current study we aim to shed light on the above two
conservation issues by assessing the effect of settlement and road
network conﬁgurations on habitat connectivity. In order to cap-
ture the main interactions and feedbacks in coupled human and
habitat networks, we speciﬁcally focus on large landscapes at a
regional scale. Our focus is also on rural or forested landscapes out-
side of city centres where there is considerable non-built land use.
We performed a simulation study in which we  created road and
habitat networks in computer-generated landscapes. Results were
obtained by simulating habitat connectivity under a range of set-
tlement and road network conﬁgurations. Since species can differ
in the likelihood of being killed by trafﬁc (Gunson et al., 2011),
species characteristics (e.g. movement speed and body size) were
included in the input settings of the simulation model. This allowed
us to perform our analysis for three animal species: European tree
frog (Hyla arborea), European hedgehog (Erinaceus europaeus)  and
Eurasian badger (Meles meles). For the tree frog, both roads and set-
tlements have been identiﬁed as barriers to dispersal (Pellet et al.,
2004). Trafﬁc has also been identiﬁed as one of the major causes
of fatalities in the badger (Clarke et al., 1998) and the hedgehog
(Huijser and Bergers, 2000).
2. Methods
2.1. Model overview
In order to couple human and habitat networks and capture
the two types of spatial interactions between these networks (i.e.
mutually exclusive nodes and intersecting and interacting edges),
both networks had to be constructed and overlaid in the same
landscape and subsequently coupled by exchanging information
between the networks. To achieve this, we developed a simula-
tion model that determined habitat connectivity in landscapes of
which we could vary the conﬁguration of settlements as well as
the conﬁguration of the road network. The model consists of four
modules (Fig. 1). First, we generated binary landscape rasters with
settlements embedded in a matrix through which animals could
move (Figs. 1A & 2). Second, using proximity graphs (Adamatzky
et al., 2012; Galin et al., 2011) the road networks were constructed
by linking neighbouring raster cells that were classiﬁed as settle-
ment (Fig. 1B). In this way, several road network conﬁgurations
were constructed. Trafﬁc volumes were then calculated on all
roads connecting settlements, making use of recently developed
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Fig. 1. Conceptual diagram of the modelling approach used in this study. The goal of the approach is to determine how settlement and road network conﬁgurations affect
the  habitat connectivity in a landscape. (A) We  ﬁrst generated a series of landscapes with varying composition and conﬁguration (Fig. 2). (B) Then road networks are created
between the settlements patches. In the “dense” road network, Gabriel graphs are used to determine which settlement cells are connected. Subsequently, two  types of sparse
network are created by removing roads from the dense network. In the “sparse MST” (minimum spanning tree) network, only those roads remain that are necessary to connect
all  settlement cells with the shortest overall geographic distance. In the “sparse random” network, roads are randomly removed from the dense network until the number
of  roads is equal to the number of settlement patches. With radiation models (Simini et al., 2012) we  subsequently calculate the expected number of commuters on each of
the  roads in the networks. (C) For each of the road network conﬁgurations, we then create resistance networks and calculate the probability that a species moves between
nodes in these networks. For a more detailed view of the network we  magnify a subsection of the landscape (black dotted box). All the centres of raster cells classiﬁed as
matrix are connected to neighbouring matrix nodes making use of Gabriel graphs. The probability that an animal can move from one node to another is then calculated with
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ithin  the central part of the landscape (black continuous box), habitats were ran
abitat  connectivity is calculated making use of potential movement paths of anim
adiation models (Simini et al., 2012). Third, we parameterised a
andscape resistance network, which is comparable to commonly
sed resistance surfaces (Fig. 1C; Spear et al., 2010; Zeller et al.,
012). The weights of the edges in the resistance networks were
 function of, among others, trafﬁc volumes on intersecting roads
nd species characteristics and indicated the probability that ani-
als moved from one node to another (Fig. 1C). Fourth, between
nimal habitats, randomly placed throughout the matrix, the habi-
at connectivity was calculated from the resistance networks with
wo commonly used habitat connectivity measures (Fig. 1D; McRae
t al., 2008; Saura and Pascual-Hortal, 2007). We  setup the exper-
ment as a full factorial design and the inﬂuence of settlement
nd road network conﬁguration variables on habitat connectiv-
ty was determined with ANOVA. Unless otherwise indicated, all
nalyses were performed in Python. The Python-code for the con-
truction and coupling of the networks has been made available
nline (Appendix A).d the trafﬁc volume on intersecting roads (Van Langevelde and Jaarsma, 2009). (D)
 selected from the nodes in the resistance network. Between pairs of habitats the
2.2. Generating landscape rasters
We  generated landscape rasters with “Landscape Generator”
(Slager and de Vries, 2013), which is a software program that gen-
erates raster landscapes based on user-deﬁned composition and
conﬁguration variables. We  generated small landscapes of 25 × 25
1 ha raster cells that consisted of settlement patches surrounded
by continuous matrix through with animals could move (Fig. 2).
This matrix could be any unbuilt land-use, such as forest or agricul-
ture. Following the approach presented by Van Strien et al. (2016),
we selected two variables to vary the conﬁguration of the settle-
ment patches: the number of settlement patches and the size of
the largest patch (Fig. 2). With these variables a variety of settle-
ment patterns can be simulated, such as nucleated (few settlement
patches) and dispersed (many settlement patches) settlements, as
well as several settlement hierarchies (e.g. a large town with a
high centrality surrounded by smaller settlements). The number
M.J. van Strien, A. Grêt-Regamey / Ecological Modelling 342 (2016) 186–198 189
Fig. 2. Overview of the computer-generated landscapes with varying quantities and conﬁgurations of settlements. The displayed landscape rasters are 75 × 75 1 ha raster
cells  and are created by tiling 9 smaller rasters of 25 × 25 cells (delineated by the black dotted box). These smaller rasters have been generated with “Landscape Generator”
(Slager and de Vries, 2013). Landscapes were generated with combinations of three variables; the proportion of settlement (5, 15, 35 or 55%), the number of settlement
patches (NSP; 3, 10 or 25 patches) and the size of the largest settlement (Largest patch level; LPL). LPL ranged from all patches having the same size (LPL = 1) to one patch
being  much larger than the surrounding patches (LPL = 3). Matrix always consisted of one connected patch. We ensured that the settlement patches had a low perimeter-area
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alculated within the central 25 × 25 cells of the landscape (delineated by the black
f settlement patches (NSP) in our generated landscapes was  set
o either 3, 10 or 25. Furthermore, we generated landscapes with
hree “largest patch levels” (LPL; Fig. 2). In LPL = 1 all settlement
atches had the same size. In LPL = 3 the largest patch was very large
ompared to the other patches. The largest patch size for LPL = 2
as intermediate to that of the other two LPLs (Fig. 2). We refer to
ettlement patterns with LPL = 1 as the “decentralised” settlement
onﬁguration and LPL = 2 and LPL = 3 are two levels of “centralised”
ettlement conﬁgurations. The proportion of the landscape occu-
ied by settlement was varied (5, 15, 35 or 55% settlement) in
rder to determine whether results were relative to the proportion
f settlement (Fig. 2). We  found that the values that we selected
or proportions of settlement, the number of settlement patches
nd the largest settlement patch size in our simulated landscapes
atched those of a real landscape (i.e. the heavily populated Swiss
lateau; Appendix B). In order to prevent edge-effects and since a
andscape is always part of a bigger landscape, we copied the small
andscapes eight times and tiled them to form a larger landscape of
5 × 75 raster cells (i.e. 7.5 × 7.5 km,  Fig. 2). A more detailed descrip-
ion of the methods used to generate the landscapes can be found
n Appendix C.
Each landscape conﬁguration was generated 10 times, which
esulted in a total of 360 landscapes (4 settlement proportions × 3
SPs × 3 LPLs = 36). The centre points of the raster cells in the
andscapes formed the nodes in the road and landscape resistance
etworks (Fig. 1B & C). To prevent the edges in road and resistance
etworks from completely overlapping, we added a small random
istortion to the x and y coordinates of the settlement and matrix
odes (maximally 1/25th of the raster cell size). to build the road and landscape resistance networks. Habitat connectivity was only
d box).
2.3. Road network and trafﬁc volumes
The road network was constructed by linking all settlement
nodes to one another making use of three different road net-
work conﬁgurations (RNC): one dense road network and two types
of sparse network. Our road networks consisted of regional and
local roads. Highways were not considered, as they are mainly for
long-distance, inter-regional transport and often pose an absolute
barrier (due to fencing and very high trafﬁc densities), for which
speciﬁc mitigation measures are required (Van Langevelde et al.,
2009).
We  constructed the dense road network by connecting neigh-
bouring settlement cells making use of Gabriel graphs, which
have been used as a procedural method to build road networks
between settlement patches (Galin et al., 2011) and have been
found to resemble real road networks (e.g. Adamatzky et al., 2012;
Maniadakis and Varoutas, 2015). A description of how Gabriel
graphs are constructed is given in Appendix D. In order to con-
nect all settlements with one another, roads were not only drawn
between the settlements, but also within the settlements (Fig. 1B).
We calculated the geographic length of each of the edges in the
dense road network.
Taking the dense Gabriel graph network (i.e. RNC = dense) as a
basis, we created two types of sparse network that represented
extreme cases of minimal road networks in which there is only one
possible route between each pair of settlements. First we  calcu-
lated a minimum-spanning-tree (MST) graph from the dense graph
(i.e. RNC = sparse MST). The sparse MST  graph connects all nodes in
the graph by ﬁnding the combination of edges with the shortest
total distance (Barthélemy, 2011; Galpern et al., 2011; Fig. 1). The
second sparse road network was  constructed by randomly remov-
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ng inter-settlement roads from the dense network in such a way
hat all settlements remained connected (i.e. RNC = sparse random;
ig. 1B). The number of inter-settlement roads in the sparse MST
etwork is equal to NSP −1, whereas in the sparse random net-
ork it was NSP (a concession made to keep the computation times
t a minimum). For all road networks, we calculated travel times
etween nodes by assigning speed limits to the roads. On intra-
ettlements roads we set the speed limit to 20 km h−1, whereas on
nter-settlement roads the average speed was set to 80 km h−1.
After construction of the various RNCs, we calculated trafﬁc vol-
mes on the roads in the network. A range of models have been
eveloped to predict aggregated human mobility. In contrast to
requently used gravity models that require a range of empiri-
ally derived parameters, novel radiation models are parameter
ree (Simini et al., 2012) and thus ideally suited for our simulations.
adiation models have proven to produce good estimates of the
umber of commuters between settlements given their size and
patial topology (Ren et al., 2014; Simini et al., 2012). With radia-
ion models, it is assumed that the number of jobs in a settlement is
roportional to its population size (Simini et al., 2012). The number
f commuters moving from settlement i to j, Tij , is calculated as
ij = Ti
minj(
mi + sij
)(
mi + nj + sij
) (1)
here Ti is the total number of commuters that originate from
ettlement i, mi and nj are the total populations living in settle-
ents i and j, respectively. We  arbitrarily set the proportion of the
opulation that commutes to 0.8 (i.e. Ti = 0.8 ∗ mi). sij is the total
opulation living within a distance rij from settlement i (exclud-
ng the population in settlement i and j; Simini et al., 2012) and is
 measure for the number of jobs that can be reached in a travel
ime smaller than or equal to the travel time between settlement
 and j. In our study, we calculated the population sizes (mi, nj and
ij) by multiplying the area of a settlement (i.e. number of settle-
ent cells) by a population density, which we set to 25 people ha−1
orresponding to the average population densities within built-up
reas in developed countries (Industrialized Countries: 28.35 peo-
le ha−1; Other developed countries: 23.00 people ha−1; Angel,
008). To determine what the unique effect of settlement con-
guration on habitat connectivity was, we performed additional
nalyses with a population density of 0 people ha−1 (i.e. no traf-
c). We  also performed simulations with 50 people ha−1, to assess
ow strong habitat connectivity was inﬂuenced by changes in pop-
lation density. For simplicity, we assumed that all the commuters
ravelled on a daily basis between their origin and destination set-
lements.
As suggested by Ren et al. (2014), we used the average travel
ime along the road network as a measure of the distance between
ettlements (rij). As our settlements were irregularly shaped
atches and multiple routes potentially existed between settle-
ents, calculating the average travel time between settlements
as not straightforward. We  ﬁrst determined all the settlement
ells that were connected to other settlement patches by roads
i.e. connector cells; these cells were thus all on the edge of settle-
ent patches). For each pair of settlement patches, shortest routes
in min) were calculated between all combinations of connector
ells in the respective settlements. The shortest 10% of all these
hortest routes was selected (but minimally one shortest route)
nd averaged to determine the average travel time between set-
lements. With the average travel times we could calculate sij and
ij between all pairs of settlements. Subsequently, Tij was  used to
ssign trafﬁc volumes to the roads in the road network. For a given
air of settlements, trafﬁc was divided in equal proportions over
he same 10% of shortest routes as were used to calculate the aver-
ge travel times. As a measure of daily trafﬁc volume on the road,cal Modelling 342 (2016) 186–198
we added twice the daily number of commuters (i.e. commuters
drive a route twice every day) to the attributes of each edge along a
shortest route. We  only calculated trafﬁc between settlements and
commutes within settlements were not considered. We assumed
that roads could accommodate an unlimited number of cars per
time period. The above analysis allowed us to model trafﬁc ﬂows
that could be expected under certain settlement and road network
conﬁgurations (Fig. 1).
2.4. Landscape resistance network and habitat connectivity
In our simulation model, animal habitats are located in the
matrix and any matrix cell can in principle be considered a habi-
tat. From this perspective, a “habitat” in our study can indicate,
for instance, foraging locations, water sources or breeding or nest-
ing sites. The better such locations are connected to one another,
the higher is the habitat connectivity. We  thus calculate connec-
tivity between pairs of habitats. By repeating this procedure for
many randomly selected pairs of habitats, we obtained an esti-
mate of overall habitat connectivity for a certain landscape (Taylor
et al., 1993). Animals may  not move in a straight line between habi-
tats, but may  choose alternative routes that circumvent movement
barriers in the landscape (Fig. 1D). Such routes can be calculated
from a so-called “landscape resistance surface” (McRae et al., 2008;
Spear et al., 2010; Zeller et al., 2012), which is a landscape raster in
which each cell is assigned a “resistance to movement” value based
on the hypothesised permeability of the landscape in that raster
cell. In a similar fashion, we  have constructed landscape resistance
networks in which each edge is assigned a movement probabil-
ity derived from, among others, the trafﬁc volumes on intersecting
roads. The edges represent the potential movement steps that ani-
mals can take when moving through a landscape. The resistance
networks were constructed by connecting all the matrix nodes with
neighbouring matrix nodes, using Gabriel graphs, as was also done
with the road network (Fig. 1C; Appendix D). We  removed edges
that crossed settlement cells, as we  regarded human settlement a
barrier to movement. Since we  generated landscapes of which the
matrix always consisted of a single connected patch, the resistance
network also always consisted of a single component (i.e. all matrix
nodes were indirectly connected with one another).
To assign weight to the edges in the resistance networks, we
used the animal movement model presented by Van Langevelde
and Jaarsma (2009. For each edge, we calculated the probability that
an animal could successfully move between neighbouring matrix
nodes p and q, zpq. Van Langevelde and Jaarsma (2009) calculate zpq
as
zpq = e−dpqApAqe
−(
n∑
a=1
a)
(
wc+la
va +
lc+wa
vc
)
K
(2)
where  is 1/the average migration distance of a focal species. dpq,
is the length of an edge between neighbouring matrix nodes p and
q. Trafﬁc volume (vehicles s−1) on road a, a, is summed for all
n roads that are intersected by an edge. To obtain a, we trans-
formed the daily trafﬁc volumes from the road networks to trafﬁc
volumes per second, assuming that the number of commuters was
constant throughout the day. As a is an important determinant for
zpq in our simulations, we have included plots of the relationship
between these two  variables for our three focal species in Appendix
E. Ap and Aq are the sizes of nodes p and q, respectively, which had
a constant size of 1 ha in our model. Although the size of a continu-
ous matrix patch (i.e. an area not intersected by roads) was thus not
explicitly incorporated in the calculations of the movement prob-
ability, we  found that the measures of habitat connectivity were
implicitly inﬂuenced by the size of such patches (Appendix F). Traf-
ﬁc characteristics are expressed in the average width (m), wc , the
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ength (m), lc , and the speed (m s−1), vc , of cars. Similarly, character-
stics of the focal animal species are expressed in its average width,
a, length, la, and speed, va. In our model, the number of animals
oving from one patch to another, K , was kept constant at 1. Val-
es of zpqranged from 0 to 1 (Appendix E), where 0 indicates that
here was absolutely no movement possible between the respec-
ive nodes and 1 indicates that all movement between the nodes
as successful. More assumptions and details of this model are
iscussed in Jaarsma et al. (2006) and Van Langevelde and Jaarsma
2009).
In order to get an impression of the sensitivity of our results to
hysical and functional characteristics of focal species, we  parame-
erized resistance networks for the tree frog, hedgehog and badger
y changing the , wa, la, va and wc variables. For each simulated
pecies, an overview of these variables together with their ref-
rences is given in Table 1. With this setup, animal movement
robabilities in the resistance network could be linked to settle-
ent and road conﬁgurations.
After assigning weights to the edges in the resistance net-
orks (i.e. zpq), the overall habitat connectivity was  calculated in
he networks. For this we used two commonly used connectivity
easures (Rayﬁeld et al., 2011). First, we calculated the maxi-
um  product probability (MPP; Saura and Pascual-Hortal, 2007),
hich expresses the highest probability of movement between
wo habitats along a least-cost path. Least-cost paths are com-
only used to quantify habitat connectivity (Galpern et al., 2011;
ayﬁeld et al., 2011), but are criticised for representing only one
otential movement route (McRae et al., 2008). Therefore, we
lso calculated a second habitat connectivity measure that uses
any possible movement routes to quantify connectivity: con-
uctance (COND). The conductance is the reciprocal of commonly
sed resistance distances (i.e. COND = 1/resistance distance; McRae
t al., 2008). Whereas MPP  was calculated directly from resistance
etworks in which the edges represented the probability of suc-
essful movement (i.e. zpq), COND was calculated from networks
n which weights represented unsuccessful movement (i.e. 1-zpq).
oth COND and MPP  are positively correlated to the habitat connec-
ivity. Details on the calculation of MPP  and COND can be found in
ppendix G. Given the variables included in the calculation of zij (Eq.
2)), both MPP  and COND are thus inﬂuenced by the distance and
he trafﬁc volumes between habitats (Appendix E), characteristics
f the focal species (Table 1) and the size of the continuous matrix
atches (Appendix F). MPP  and COND were calculated between
000 pairs of randomly selected habitat nodes. In order to prevent
n edge effect, these nodes were only selected from the central part
f the landscape (i.e. central 25 × 25 raster cells in the landscapes;
igs. 1 & 2). The mean of the 1000 MPP  and COND values were
he measures of habitat connectivity that were used in subsequent
nalyses.
.5. Statistical analysis
Our study was designed as full factorial experiment, which
llowed us to analyse the main and interaction effects of all possible
ombinations of our categorical explanatory factors (i.e. NSP, LPL
nd RNC) on habitat connectivity (either MPP  or COND). To achieve
his, we used an ANOVA to test differences in habitat connectivity
etween groups deﬁned by the different factor levels of NSP, LPL
nd RNC as well as the two-way interactions between these factors
i.e. NSP:LPL, NSP:RNC, LPL:RNC). The statistical analysis was per-
ormed in R (R Development Core Team, 2015). We  calculated the
otal explained variance (R2) as well as the signiﬁcance values of the
xplanatory factors and their interactions. As statistical signiﬁcance
lone is not a reliable measure of the effect size of explanatory fac-
ors (Nakagawa and Cuthill, 2007), we also assessed the importancecal Modelling 342 (2016) 186–198 191
of the explanatory factors, by calculating the individual contribu-
tions of these factors towards the overall R2 following Lindeman
et al. (1980) with the “relaimpo” R-package (Grömping, 2006).We
regarded signiﬁcant (P < 0.05) factors with an importance higher
than 0.05 as “important” factors for the explanation of habitat con-
nectivity. An ANOVA was  performed separately for each quantity of
settlement (i.e. 5, 15, 35, 55%), each species (i.e. tree frog, hedgehog
and badger), each connectivity measures (i.e. COND and MPP), and
each population density (i.e. 0, 25 and 50 people ha−1).
3. Results
In general, we found a decreasing average habitat connectiv-
ity (both MPP  and COND) with increasing proportion of settlement
(Fig. 3; Table 2), although this effect was  less pronounced for the
badger when habitat connectivity was measured with MPP. A dou-
bling of the population density from 25 to 50 people ha−1 hardly
had an effect on the average habitat connectivity (for both MPP
and COND; Fig. 3). We  also found that both the standard deviation
from the mean connectivity value as well as the R2 of the ANOVAs
increased with increasing proportion of settlement (Fig. 3, Table 2).
Thus, the potential effect of changing the settlement or road net-
work conﬁguration on habitat connectivity became higher with
increasing proportion of settlement.
In most simulations, we  found that NSP was an important factor
in explaining habitat connectivity (Table 2). An exception was the
simulations with MPP  and a low proportion of settlement (≤5% for
hedgehog and badger and ≤15% for tree frog; Table 2). Regardless of
the focal species, the population density or the connectivity mea-
sure, we found that NSP = 25 and NSP = 10 always had a signiﬁcantly
lower habitat connectivity than NSP = 3 for almost all proportions of
settlement (Fig. 4). Surprisingly, this relationship was also detected
in simulations without trafﬁc (i.e. population density = 0 people
ha−1; Fig. H.1). Thus, landscapes with relatively few settlements
generally had a higher habitat connectivity.
The effects of the LPL on habitat connectivity was fairly consis-
tent for the different focal species (Fig. 4, Table 2). In general, we
found that, at high proportions of settlement, LPL was an impor-
tant explanatory factor for habitat connectivity (both MPP  and
COND) and that LPL = 3 (i.e. highly centralised) resulted in signif-
icantly higher habitat connectivity than LPL = 1 (i.e. decentralised).
For habitat connectivity measured with COND, this was the case for
all simulations with 15% settlement or more (Fig. 4, Table 2). In sim-
ulations with MPP, such patterns were found with 55% settlement
for hedgehogs and 35% settlement or more for badgers. A similar
pattern could be found for LPL = 2, although the difference in con-
nectivity compared to LPL = 1 were much smaller and not always
signiﬁcant (Fig. 4). A notable exception was  the simulations with
MPP  and tree frogs, in which we  found LPL only to be an impor-
tant factor in simulations with 15% settlement or less and LPL = 3 to
result in a lower habitat connectivity than LPL = 1.
The effect of RNC on habitat connectivity was  only visible with
slow moving animals, like the tree frog and the hedgehog (Fig. 4;
Tables 1 & 2). In fact, we found RNC to be one of the most impor-
tant explanatory factors for the tree frog, especially when habitat
connectivity was  measured with MPP  (Table 2). For the faster mov-
ing badger (Table 1), however, there was a non-signiﬁcant and
non-important effect of RNC on habitat connectivity (Table 2).
Unexpectedly, for the tree frog, we found that, at low proportions
of settlement (≤15% settlement when measured with MPP  and ≤5%
settlement when measured with COND), the sparse road networks
(MST and random) resulted in a lower average habitat connectiv-
ity than dense road networks (Fig. 4). However, the opposite was
found for landscapes with a higher proportion of settlement. For
the hedgehogs we also found that sparse road networks resulted in
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Table  1
The model parameters used to simulate movement for our three focal species. The parameters are constants in an animal movement model that calculates the probability
that  animals successfully move between nodes in a resistance network (Van Langevelde and Jaarsma, 2009). Although precise measurements of these parameters are difﬁcult
to  obtain for many species, we derived rough estimates of these parameters from the sources listed below the table.
Model parameter European tree frog (Hyla arborea) European hedgehog (Erinaceus europaeus)  Eurasian badger (Meles meles)
Average migration distance (m)  1500a 1200b 530c
width of animal (m), 0.020d 0.25e 0.4e
length of animal (m), 0.10f 0.3e 1.0e
speed of animal (m s−1), 0.033g 1.0e 6.5e
width of car (m), 0.55h 2.0e 2.0e
length of car (m), 5.0e 5.0e 5.0e
speed of car (m s−1), 22i 22i 22i
a Mean dispersal distance of Hyla arborea is 1469 m (Vos et al., 2000).
b Mean maximum distance from release point is 1.48 and 0.88 km when released in unfavourable and favourable terrain, respectively (Doncaster et al., 2001). We took the
average of these two values.
c Macdonald et al. (2008).
d Due to lack of good references, we estimated this width.
e Jaarsma et al. (2006).
f For frogs, killing width is twice the length of the frog (Hels and Buchwald, 2001). Body length Hyla arborea ≈5 cm (Friedl and Klump, 2005).
g Movement speed for several frog species ≈2.0 m min−1 (Hels and Buchwald, 2001) = 0.033 m s−1.
h For frogs, killing width is twice the length of the car tyres (Hels and Buchwald, 2001). We  took the average car tire width as calculated by Hels and Buchwald (2001):
(0.72  × 0.22 + 0.18 × 0.24 + 0.02 × 0.38 + 0.08 × 0.64) × 2 × 1.05 = 0.55 m.
i Animals could only cross inter-settlement roads on which the vehicle speed was  80 km h−1 = 22 m s−1.
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opulation densities from left to right are 0, 25 and 50 people ha−1, respectively.
 lower habitat connectivity than the dense road network in those
ases that RNC was an important factor (i.e. 15 or 35% settlement
nd habitat connectivity measured in MPP; Fig. 4; Table 2). Further-
ore, the sparse MST  road networks always had a higher habitat
onnectivity than sparse random networks (Fig. 4).
Only some of the interactions between explanatory factors were
ound to be important (Table 2). For the hedgehog and badger, only
he interaction between NSP and LPL was important in simula-
ions with 35 or 55% settlement and MPP. However, the interaction
lots for these simulations, showed that this interaction did not
arkedly change the ranking of the levels of NSP or LPL with respect
o average MPP  (i.e. in general, NSP = 3 and LPL = 3 had the high-
st habitat connectivity in cases that the factor levels were not
verlapping; Fig. 5). An exception was the LPL-NSP interaction for
edgehog at 35% settlement, for which the LPL = 3 had the low-
st habitat connectivity. Also the interaction between LPL and RNCow, COND) against proportion of settlement, for the three different model species.
was important for those simulations with tree frog, MPP and 15%
settlement or more (Table 2). With this interaction, unlike the NSP-
LPL interaction, we did ﬁnd that the order of the levels of LPL with
respect to average MPP  was  strongly dependent on the RNC (Fig. 6).
For 35% settlement or higher, we observed that sparse random
road networks had a higher habitat connectivity for LPL = 3 than
for LPL = 1, while for dense road networks the opposite effect was
found (Fig. 6).
In order to better understand our results we also assessed how
NSP, LPL, RNC and the proportion of settlement inﬂuenced the
total number of commuters between settlements (Fig. H.2) and
the average number of cars on inter-settlement roads (Fig. H.3).
Even though trafﬁc volumes were only calculated after the road
network was deﬁned, the total number of commuters did not differ
markedly between the different RNCs (Fig. H.2). However, the aver-
age number of cars on inter-settlement roads was clearly higher
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Table 2
Statistics on habitat connectivity and the importance of variables explaining the connectivity. For each combination of the proportion of settlement, species and connectivity measure (COND = conductance; MPP = maximum
product  probability) we  calculated the mean connectivity value and the standard deviation from the mean as well as the number of samples used to calculate these values. For these results, the population density is ﬁxed at
25  people ha−1. With an ANOVA, we  analysed how much variation in connectivity value (R2) was explained by the explanatory factors: number of settlement patches (NSP), largest patch level (LPL), road network conﬁguration
(RNC)  as well as all two-way interactions between these variables (NSP:LPL, NSP:RNC and LPL:RNC). The importance of the explanatory factors is calculated as the individual contributions of the explanatory factors towards the
overall  R2 following Lindeman et al. (1980). Explanatory factors with an importance higher than 0.05 are indicated in bold. All these variables, were also found to be signiﬁcant (P < 0.05).
Importance
Population density
(people ha−1)
Proportion of
settlement (%)
Species Connectivity
measure
Mean connectivity
value
Standard
deviation
Number of
samples
R2 NSP LPL RNC NSP:LPL NSP:RNC LPL:RNC
25 5 frog COND 11.1634 0.4741 270 0.722 0.538 0.007 0.140 0.004 0.025 0.008
25  15 frog COND 8.9695 0.7878 270 0.871 0.705 0.064 0.030 0.016 0.010 0.046
25  35 frog COND 6.1226 1.2900 270 0.931 0.516 0.198 0.158 0.023 0.004 0.033
25  55 frog COND 3.8076 1.4239 270 0.964 0.441 0.276 0.179 0.029 0.003 0.036
25  5 hedgehog COND 9.6806 0.2893 270 0.814 0.756 0.008 0.028 0.019 0.002 0.001
25  15 hedgehog COND 8.2719 0.5585 270 0.919 0.736 0.153 0.008 0.019 0.002 0.001
25  35 hedgehog COND 5.9138 0.9478 270 0.938 0.583 0.301 0.001 0.050 0.000 0.003
25  55 hedgehog COND 3.7906 1.1595 270 0.962 0.541 0.367 0.003 0.046 0.000 0.004
25  5 badger COND 4.5686 0.1254 270 0.785 0.746 0.017 0.000 0.015 0.003 0.005
25  15 badger COND 3.9785 0.2653 270 0.935 0.732 0.183 0.001 0.018 0.000 0.001
25  35 badger COND 2.9318 0.4734 270 0.948 0.549 0.348 0.000 0.049 0.000 0.000
25  55 badger COND 1.9103 0.5814 270 0.968 0.506 0.412 0.000 0.049 0.000 0.000
25  5 frog MPP 0.2398 0.0155 270 0.480 0.005 0.084 0.350 0.026 0.010 0.005
25  15 frog MPP 0.1915 0.0210 270 0.471 0.018 0.141 0.193 0.017 0.017 0.085
25  35 frog MPP 0.1522 0.0272 270 0.618 0.138 0.050 0.277 0.003 0.031 0.120
25  55 frog MPP 0.1281 0.0391 270 0.795 0.156 0.027 0.463 0.029 0.003 0.116
25  5 hedgehog MPP 0.2107 0.0068 270 0.104 0.025 0.000 0.047 0.015 0.011 0.005
25  15 hedgehog MPP 0.1979 0.0074 270 0.275 0.060 0.034 0.132 0.033 0.007 0.009
25  35 hedgehog MPP 0.1753 0.0118 270 0.409 0.207 0.027 0.099 0.053 0.004 0.020
25  55 hedgehog MPP 0.1556 0.0195 270 0.729 0.502 0.070 0.029 0.092 0.006 0.030
25  5 badger MPP 0.0641 0.0038 270 0.070 0.003 0.001 0.006 0.008 0.002 0.049
25  15 badger MPP 0.0632 0.0042 270 0.189 0.090 0.006 0.017 0.034 0.013 0.030
25  35 badger MPP 0.0617 0.0059 270 0.584 0.375 0.119 0.006 0.073 0.003 0.009
25  55 badger MPP 0.0596 0.0099 270 0.820 0.488 0.218 0.001 0.110 0.001 0.002
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Fig. 4. Plots of the mean connectivity (left, MPP; right, COND) for explanatory factor levels against the proportion of settlement, for the European tree frog (Hyla arborea;
top),  the European hedgehog (Erinaceus europaeus;  middle) and the Eurasian badger (Meles meles; bottom). Explanatory factors are the number of settlement patches (NSP),
the  largest patch level (LPL) and the road network conﬁguration (RNC). For these results, population density was  25 people ha−1. The circles represent the difference between
the  mean connectivity value in the respective category and that of the category not indicated in the legend (i.e. LPL = 1, RNC = Dense and NSP = 3, respectively). Black circles
indicate that this difference is signiﬁcant (P < 0.05).
Fig. 5. Interaction plots of mean maximum product probability (MPP) and standard deviation against the number of settlement patches (NSP) for different largest patch
levels  (LPL). Separate plots are drawn for the Eurasian badger (Meles meles; top) and the European hedgehog (Erinaceus europaeus;  bottom) and for 35% (left) and 55% (right)
settlement. These four interactions between NSP and LPL were the only interactions of its kind that were important predictors of habitat connectivity measured with MPP
(Table 2). Bars represent the 95% conﬁdence intervals.
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RNC). These plots are all for the European tree frog (Hyla arborea) and 15% (left), 3
ere  the only interactions of its kind that were important predictors of habitat con
n the sparse RNCs (MST and random; Fig. H.3). Although the total
umber of commuters showed a positive trend with increasing NSP
Fig. H.2), the average number of cars on inter-settlement roads was
egatively correlated to NSP (Fig. H.3). Moreover, the total number
f commuters was always highest for LPL = 1 compared to the other
PLs (Fig. H.2).
. Discussion
Here we present, to our knowledge, the ﬁrst study that investi-
ates the combined inﬂuences of both settlement and road network
onﬁgurations on habitat connectivity in coupled human and habi-
at networks. Although the generated landscapes and simulations
hat we used were highly simpliﬁed, results from this study can be
sed to derive some general hypotheses on how habitat connec-
ivity is affected by landscape patterns and how landscapes can be
ade more permeable for animal species. Once empirically tested,
hese hypotheses could lead to more sustainable landscapes that
aximise the requirements of both humans and animals.
.1. Effects of settlement conﬁguration on habitat connectivity
The most universal and consistent effect that we  found for all
ocal species was the negative correlation between the number
f settlement patches and habitat connectivity. This negative cor-
elation was present in simulations with and without trafﬁc and
ould, thus, not be explained by the distribution of trafﬁc in the
uman networks. This is a rather surprising result, as one could
rgue that in a landscape with many small settlements, opposed
o one with several large settlements, the chances are higher that
n animal can move in a fairly straight line between habitats by
weaving” between the small settlements. Apparently this effect
as predominantly caused by the “holes” that were created in our
andscape resistance networks due to settlement patches. Several
arger holes in the landscape resistance network are thus better for
he habitat connectivity than many smaller holes. This ﬁnding can
ot only lead to recommendations for landscape planning, but also
resents a new point of view for the long-standing debate whether
 single large or several small habitats is better to conserve biodi-
ersity (i.e. SLOSS-debate; Diamond, 1975; McCarthy et al., 2011).
nstead of settlements, the holes in our resistance networks could
lso represent other land cover types that are movement barriers
o certain species. For instance, forests may  represent barriers to
pecies inhabiting open agricultural land (e.g. Keller et al., 2013).
or such species, habitat connectivity is apparently higher when
here are a few large forest patches in the landscapes opposed to
any smaller patches. Thus, large habitats may  not only be bet-
er for the survival of species inhabiting these patches (Diamond,tion against the largest patch level (LPL) for different road network conﬁgurations
iddle) and 55% (right) settlement. These three interactions between LPL and RNC
ity measured with MPP  (Table 2). Bars represent the 95% conﬁdence intervals.
1975), but also for those inhabiting the matrix surrounding these
patches.
In most cases, we found that, in landscapes with a relatively high
proportion of settlement, habitat connectivity is highest when set-
tlement conﬁguration is heavily centralised (i.e. LPL = 3) and the
number of settlement patches is small. Thus, a situation in which
existing city expansion is minimal and the expansion of suburbs
or satellite cities is promoted (e.g. Gordon and Richardson, 1997),
is not likely to be beneﬁcial for habitat connectivity. For many
countries around the world, it has been predicted that rural popu-
lations will decrease while urban populations will increase (United
Nations, 2015). Especially for the rural abandonment, it is debated
whether this transition will have positive or negative impacts on
biodiversity (Queiroz et al., 2014). This “urban transition” could per-
haps lead to regions with fewer and/or smaller rural settlements
surrounding larger urban centres. In light of our results, this urban
transition could thus present an improvement of habitat connec-
tivity under the premise that the overall area of settlement does
not increase. The fact that we found the highest habitat connectiv-
ity when settlements were few and centralised, could potentially
be explained by the lower total number of commuters we found in
such settlement conﬁgurations (Fig. H.2). The latter ﬁnding is real-
istic, as large settlements with a high centrality will usually provide
a large number and variety of jobs (Bettencourt et al., 2007), making
it less necessary for people to commute to other settlements. Apart
from increased habitat connectivity, other environmental beneﬁts
of a centralised and compact city could be, for instance, a better
development of public transport (Camagni et al., 2002).
4.2. Effects of road network conﬁguration on habitat connectivity
The road network conﬁguration mainly had an effect on the
slower moving focal species in our study (i.e. tree frog and hedge-
hog; Table 1). Surprisingly, for tree frogs in landscapes with low
proportions of settlement, we observed that dense road networks
resulted in a higher average habitat connectivity than sparse road
networks. The opposite was  found for landscapes with a higher
proportion of settlement. Moreover, for hedgehogs, the dense road
network had a higher habitat connectivity than the sparse networks
in all cases in which the road network conﬁguration was an impor-
tant explanatory factor of habitat connectivity. In these cases, the
permeability of the landscape was apparently higher when cars
were distributed over a dense road network opposed to being con-
centrated on a few roads. These results contradict results from
earlier studies. In a simulation study with ungulates, Jaeger et al.
(2006) found that “population persistence was  generally higher
(and never lower) when all trafﬁc was  put on one road than when
it was  distributed on several roads across the landscape”. Also
landscape connectivity (measured with the “topology-sensitive
1 cologi
e
a
b
(
s
t
d
w
c
t
e
t
t
o
p
u
t
p
e
i
W
c
T
c
c
o
(
t
[
p
s
t
l
f
a
F
a
b
n
2
1
w
e
o
b
n
t
t
e
l
t
n
i
m
c
S
ﬁ
b
f
h
t
t
a
t
n96 M.J. van Strien, A. Grêt-Regamey / E
ffective mesh size”) was generally found to be higher for moose
nd grass frogs if all trafﬁc was placed on one road opposed to
eing distributed over several parallel roads or roads in a ‘Y-pattern’
Jaeger, 2007). The differences in results between the above two
tudies and our study can potentially be ascribed to differences in
he study setup. Unlike in the present study, Jaeger et al. (2006)
ifferentiate between the trafﬁc avoidance and trafﬁc mortality,
hich can have different effects on population persistance (dis-
ussed below). Moreover, in Jaeger et al. (2006) and Jaeger (2007)
he total amount of trafﬁc was equally divided over the differ-
nt road network conﬁgurations without taking into account how
rafﬁc volumes may  change due to different settlement conﬁgura-
ions. In this study, we observed how the average number of cars
n inter-settlement roads varied with the number of settlement
atches, the size of the largest patch and the road network conﬁg-
ration (Fig. H.3). These trafﬁc volume ﬂuctuations might explain
he interactions between road network conﬁguration and largest
atch level that we found for the tree frog (Fig. 6); the positive
ffect of centralised settlements (i.e. LPL = 3) on habitat connectiv-
ty was only found if the road network conﬁguration was sparse.
ith dense road networks, however, the decentralised settlement
onﬁguration (i.e. LPL = 1) had a higher habitat connectivity (Fig. 6).
his example illustrates the complexity of the interactions between
oupled human and habitat networks and also the necessity to
onsider these interactions when simulating the effect of roads
n habitat connectivity. In another simulation study, Rhodes et al.
2014) found “that, in most cases, accommodating growth in trafﬁc
hrough increases in volumes on existing roads has a lower impact
on koala mortality] than building new roads.” It is difﬁcult to com-
are our results to those of Rhodes et al. (2014), as we did not
peciﬁcally analyse trafﬁc increases. However, we also found that
he average habitat connectivity changed very little when popu-
ation density was doubled (Fig. 3), but that habitat connectivity
or a certain population density strongly differed between dense
nd sparse road networks (at least for tree frog and hedgehog;
ig. 4). This suggests that the main results of Rhodes et al. (2014)
re supported by this study.
Especially in relatively uninhabited areas, road closures have
een mentioned as an effective way of increasing the habitat con-
ectivity for the animals inhabiting such areas (Charry and Jones,
009; Selva et al., 2011; Switalski et al., 2004; Walder and Bagley.,
999). Since the sparse road networks that we used in this study
ere subsets of the dense road network, they can be seen as
xtreme cases of road closures in the dense networks. In light of
ur results, road closures in sparsely populated areas should thus
e approached with caution as they could even reduce habitat con-
ectivity by concentrating more cars on the roads that remain. From
his perspective, landscape metrics that measure habitat fragmen-
ation on the basis of the dissection of the landscape by roads (e.g.
ffective mesh size; Jaeger, 2000) cannot be unambiguously trans-
ated to estimates of habitat connectivity. It is important to mention
hat our observation of a higher habitat connectivity in dense road
etworks cannot be interpreted as a justiﬁcation to open new roads
n sparsely settled areas, because the opening of a road can lead to
any more ecological and environmental problems in addition to
hanges in habitat connectivity (Cofﬁn, 2007; Forman et al., 2003;
eiler, 2003). Moreover, in our study the effects of roads and traf-
c on habitat connectivity could be underestimated, as discussed
elow. Comparing the two sparse networks (MST and random), we
ound that the MST  road network consistently resulted in a higher
abitat connectivity even though both networks consisted of a close
o equal number of inter-settlement roads (i.e. one road more in
he random network). The MST  graph is constructed by taking into
ccount all the roads in the dense road network. In contrast to
he sparse random road network, the realisation of an MST  road
etwork would, thus, require a regional transport planning. There-cal Modelling 342 (2016) 186–198
fore, our ﬁndings support claims by earlier studies that complete
transport networks should be taken into account when planning
measures to mitigate negative effects of roads and trafﬁc on ani-
mal  movement (Cofﬁn, 2007; Seiler, 2003; Van der Ree et al., 2011;
Van Langevelde et al., 2007).
4.3. Parameterising resistance networks with animal movement
models
We  calculated habitat connectivity from landscape resistance
networks, which are very comparable to landscape resistance sur-
faces used in many other studies (Spear et al., 2010; Zeller et al.,
2012). In most studies, however, the resistance surfaces are static
maps that are parameterised making use of empirical biological
data or expert opinion (Zeller et al., 2012). By parameterising the
networks with process based models that predict trafﬁc volumes,
we were able to create more dynamic networks. This is an essential
development if one wants to assess the effect of spatial processes
on habitat connectivity. When parameterising the resistance net-
works, we  assumed that habitats for all three focal species could
be located anywhere in the matrix surrounding settlements and
that settlements were impenetrable barriers through which species
could not move. In reality, however, the matrix is usually more
heterogeneous and may  contain land-use classes that are not suit-
able habitats for certain species. For instance, although badgers
and hedgehogs co-occur in many regions, at a smaller spatial scale
their habitats were found to be spatially segregated due to preda-
tion of hedgehogs by badgers (Young et al., 2006). For this reason,
hedgehogs may  inhabit low density residential areas that are gen-
erally avoided by badgers (Doncaster et al., 2001; Young et al.,
2006). This example also shows that settlements, or at least their
edges, may  not be an absolute movement barrier as assumed in this
study. In fact, a “suburban peak” in biodiversity has been found
in many cases and is ascribed to the tolerable disturbance and
high heterogeneity and productivity in suburban areas (McKinney,
2002). Nevertheless, urban core areas usually remain species poor
(McKinney, 2002), and remain largely unsuitable for most species
to move through. Such differences in habitat suitability or perme-
ability could be accommodated for by increasing the number of
land-cover classes in our landscapes and by making use of more
complex landscape resistance networks in which the probability
of movement is speciﬁed for different land-cover classes. How-
ever, apart from the fact that resistance surfaces are notoriously
difﬁcult to parameterise for a speciﬁc species, let alone for several
species (Spear et al., 2010), these additions to the model would also
make the interpretation of the results much more difﬁcult due to
the increased number of interacting model parameters.
In this study, we made use of an animal movement model that
derives the probability that an animal moves between habitats
from, among other variables, the probability that it collides with
trafﬁc (Van Langevelde et al., 2009; Van Langevelde and Jaarsma,
2009). A range of factors, not accounted for in the model, could
result in an over- or underestimation of this collision probability.
For several animal species, the peak diurnal activity time does not
coincide with the times that trafﬁc volumes are highest, which has
been observed in, for instance, amphibians (Hels and Buchwald,
2001). In our study, the trafﬁc volume is considered constant
throughout the day and thus trafﬁc volumes during peak activity
times of our focal species could be overestimated. Including diur-
nal variation in trafﬁc volumes and animal activity in the trafﬁc and
animal movement models could provide more accurate estimates
of the collision probability. On the other hand, an underestima-
tion of collision probability could arise from the fact that the model
assumes animals cross the road perpendicularly and the probability
would increase if other crossing angles would be considered (Hels
and Buchwald, 2001). Furthermore, it is not only mortality from
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rafﬁc that leads to reduced movement of animals across roads,
ut also an avoidance of roads and trafﬁc due to physical, visual,
uditory or olfactory disturbances (Seiler, 2003). Nevertheless, the
trength of many of these avoidance reactions will also depend to
ome extent on the trafﬁc volumes on roads, but on different species
haracteristics than for mortality by trafﬁc (i.e. length, width and
peed of animals and vehicles). Regardless of the nature of the bar-
ier effect of roads, high trafﬁc volumes are assumed to be one of the
ost important causes of this effect (Charry and Jones, 2009; Jaeger
t al., 2005; Van Langevelde et al., 2007). For instance, it has been
ypothesised that our focal species badger and hedgehog cross qui-
ter roads with the risk of being killed, but partially avoid crossing
usier roads (Clarke et al., 1998; Rondinini and Doncaster, 2002). In
oth cases roads form a “barrier to the movement” for these focal
pecies. However, for metapopulation dynamics there is a substan-
ial difference between avoidance of a road or being killed by trafﬁc,
s the former does not reduce population size while the latter does
e.g. Jaeger et al., 2006).
.4. Incorporating habitat connectivity in conservation planning
In the current study, we speciﬁcally focussed on habitat con-
ectivity, while the implications for human travel times in the
ifferent settlement and road network conﬁgurations were left out
f consideration. Even though certain settlement or road network
onﬁgurations were found to be better for habitat connectivity
han others, for people some of them would undoubtedly imply
onger travel times. This may  deem certain settlement or road
onﬁgurations unfeasible as they have to be socially and politi-
ally acceptable to present sustainable solutions (Robinson, 2011).
erein lies a problem, because “for transport planners, animal
ovements are a minor concern; their main focus is on how
o make safe roads that will allow transportation of people and
oods at minimum cost” (Lesbarrères and Fahrig, 2012). Fortu-
ately, transport planners are increasingly required to factor in
he costs of compensating the losses of ecological resources or
unctioning that their project is anticipated to cause (e.g. Cuperus
t al., 2002), and also in international treaties maintenance of habi-
at connectivity or the prevention of habitat fragmentation has
een recognized (Kettunen et al., 2007). For instance, article 10 of
he European Union’s habitat directive states that “member states
hall endeavour, where they consider it necessary, in their land-use
lanning and development policies [. . .]  to encourage the manage-
ent of features [. . .]  which [. . .]  are essential for the migration,
ispersal and genetic exchange of wild species” (Habitat Direc-
ive 92/43/EEC). Thus, we need to move from a situation of plant
nd animal habitats within a matrix of human-dominated land-
capes, to a situation where such landscapes as a whole become
ore inhabitable and permeable for plant and animal species. By
ssessing the interactions that exist between coupled human and
abitat networks, we aim to lay the theoretical foundations for this
ransition.
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